To determine if ERp57 is a part of the MHC class I peptide-loading complex, anti-TAP1 immunoprecipitates from lysates of [ 35 S]methionine-labeled HeLa M cells were denatured and the individual components identified by re-precipitation with specific antibodies (Figure 1) . We have observed that the band previously identified as calreticulin occasionally separates into two very closely migrating species with apparent molecular weights of approximately 60 kDa. As shown in Figure 1 , this doublet is easily resolved and re-precipitation clearly shows that the upper band is calreticulin and the lower band is ERp57.
Results and discussion
To determine if ERp57 is a part of the MHC class I peptide-loading complex, anti-TAP1 immunoprecipitates from lysates of [ 35 S]methionine-labeled HeLa M cells were denatured and the individual components identified by re-precipitation with specific antibodies (Figure 1 ). We have observed that the band previously identified as calreticulin occasionally separates into two very closely migrating species with apparent molecular weights of approximately 60 kDa. As shown in Figure 1 , this doublet is easily resolved and re-precipitation clearly shows that the upper band is calreticulin and the lower band is ERp57.
The reported cysteine-dependent protease activity [11, 12] or the thiol-dependent oxido-reductase activity [13] [14] [15] of ERp57 could be important for any one of the components of the MHC class I peptide-loading complex. To address this issue, a number of well-defined cell lines, deficient for various components of the complex, were assayed for the interaction between ERp57 and TAP. ERp57 did not co-immunoprecipitate with an anti-TAP1 antibody in cells ERp57 is a component of the MHC class I peptide-loading complex. HeLa M cells (5 × 10 6 ) were treated with interferon-γ (200 U/ml) for 48 h then metabolically labeled with 2.0 mCi [ 35 S]methionine. The cell pellet was lysed in 1% digitonin and the MHC class I peptide-loading complex was immunoprecipitated using the anti-TAP1 antibody RING.4C. The primary immunoprecipitate (1°IP) was denatured in SDS and DTT, 10% was separated by SDS-PAGE (none) and the remainder was re-immunoprecipitated (2°IP) with the following antibodies; R.RING.4C (TAP1), rabbit anti-calreticulin serum (crt), purified rabbit anti-ERp57-peptide antibody (ERp57), purified rabbit anti-tapasin-peptide antibody (tapasin), monoclonal antibody HC10 for MHC class I heavy chain (MHC I) and anti-β 2 m rabbit serum (β 2 m). Normal rabbit serum was used as a control antibody (con) for both the 1°IP and 2°IP. deficient for TAP1, β 2 m or tapasin ( Figure 2 ). Therefore, ERp57 associates with TAP1 only in the presence of β 2 m and tapasin and does not associate specifically with TAP2 or tapasin, as these molecules are known to remain associated with TAP1 in the absence of β 2 m. MHC class I heavy chain and calreticulin also do not interact with TAP in the absence of β 2 m [2, 16] , and the presence of ERp57 in the complex is thus more probably because it has a function in MHC class I assembly rather than in the assembly of the TAP dimer or in tapasin folding.
Calreticulin and ERp57 both associate with a variety of molecules in the ER [8, 9, 17] . Their association with each other has also been reported following cross-linking. To determine if ERp57 and calreticulin associate with the MHC class I component of the TAP complex, anti-TAP1 immunoprecipitates from the wild-type cell line 45.1 were eluted with 1% Triton X-100, which releases a subcomplex containing MHC class I heavy chain, β 2 m, tapasin, and calreticulin from TAP [2] . As expected, no ERp57 or class I heavy chains could be detected upon reimmunoprecipitation with a TAP1-specific antibody; however, both ERp57 and MHC class I heavy chain were co-precipitated by anti-calreticulin or anti-β 2 m antibodies ( Figure 3a ). This suggested that ERp57 might also be a component of the sub-complex associated with the TAP heterodimer.
Because antibodies specific for MHC class I molecules do not effectively precipitate TAP-associated or tapasin-associated class I molecules, we used a cross-linking approach to look for a direct interaction between ERp57 and class I molecules. Cross-linking of ERp57 and MHC class I heavy chains was easily detectable (Figure 3b ). The class I heavy chains bound to ERp57 were sensitive to endoglycosidase H, indicating that they are probably in the ER.
In the TAP-deficient cell line .174, antibodies to calreticulin co-precipitate a sub-complex containing MHC class I heavy chain, β 2 m, and tapasin [2] . We re-immunoprecipitated proteins from anti-β 2 m immunoprecipitations from these cells and show that ERp57 is also in this subcomplex ( Figure 3c ). The same result was obtained when the antibody used for the primary immunoprecipitation was directed against tapasin (data not shown).
Immunoblot analysis also indicated that ERp57 coimmunoprecipitated from .174 cell lysates with tapasin, β 2 m, and calreticulin ( Figure 3d ). Thus, the sub-complex formed in the absence of TAP also contains ERp57.
To determine if tapasin is required for the association of ERp57 or calreticulin with dimers of β 2 m and the class I heavy chain, we analyzed anti-β 2 m immunoprecipitates from tapasin-negative as well as TAP-negative cells by immunoblot analysis. Less ERp57 was recovered from TAP-negative cells than from their wild-type counterparts ( Figure 4a ). It was shown previously that the amount of recovered complex containing MHC class I molecules, tapasin, and calreticulin is reduced by about fourfold in the absence of TAP [2] . This was ascribed to stabilization of the sub-complex by TAP, and it seems likely that the reduced recovery of ERp57 reflects this. More striking, however, was the loss of ERp57 associated with class I molecules in tapasin-negative cells ( Figure 4a ). Similarly, no calreticulin co-precipitated with β 2 m in the absence of tapasin ( Figure 4b ). Thus, in the absence of TAP, both ERp57 and calreticulin associate with dimers of β 2 m and MHC class I molecules, whereas in the absence of tapasin neither do.
To determine if an interaction between calreticulin and ERp57 could occur independently of MHC class I assembly, we looked for ERp57 in anti-calreticulin immunoprecipitates from a number of mutant cell lines by immunoblot analysis. ERp57 and calreticulin associated in wild-type and TAP-negative cells but, surprisingly, not in the absence of either β 2 m or tapasin (Figure 4c -e). Detectable association of calreticulin and ERp57 therefore appears to depend on cooperative interactions within the sub-complex containing MHC class I heavy chain, β 2 m, calreticulin, ERp57, and tapasin.
ERp57 may be recruited to the MHC class I peptideloading complex to rearrange disulfide bonds. Our . In each case, 20 × 10 6 cells were lysed in 1% digitonin and co-purifying proteins were eluted from the immunoprecipitate with 1% deoxycholic acid (DOC) [2] , separated by SDS-PAGE, and ERp57 detected by immunoblot analysis using purified rabbit anti-ERp57-peptide antibody. As a loading control, a portion of each whole cell lysate used for immunoprecipitation was also separated by SDS-PAGE and blotted for the total amount of ERp57 present. analysis of the complexes formed in the various mutant cell lines is consistent with the idea that ERp57 associates with assembled dimers of β 2 m and the MHC class I heavy chain at the same time as both calreticulin and tapasin. As class I molecules in the complex have completely oxidized disulfide bonds while calnexin-associated heavy chains do not [2, [18] [19] [20] , perhaps ERp57 is responsible for their formation.
It has been suggested that ERp57 has cysteine protease activity as degradation of calreticulin and protein disulfide isomerase (PDI) by purified ERp57 in vitro is sensitive to Brief Communication 711 the cysteine protease inhibitors N-acetyl-leucyl-leucyl-norleucinal (LLnL) and N-acetyl-leucyl-leucyl-methionine [12] . Thus, ERp57 associated with MHC class I heavy chains could be involved in the 'trimming' of long peptides translocated by TAP which can occur in the ER [21] . Consistent with this idea is our finding that trimming of signalsequence-derived peptides associated with HLA-A2 molecules in TAP-negative cells is also dependent on an ER protease sensitive to LLnL [22] .
Finally, it has also been suggested that ERp57 might be a component of the proteolytic machinery involved in the degradation of misfolded ER proteins as it binds an ERretained mutant form of lysozyme in vivo and degrades denatured lysozyme in vitro [12] . Degradation of the mutant lysozyme was sensitive to LLnL, but LLnL has also been found to inhibit proteosome-mediated degradation of misfolded ER proteins [23] after they have been retro-translocated into the cytosol [24, 25] . Association of ERp57 with misfolded proteins might reflect a requirement for reduction and denaturation before they are shunted to the cytosol. Misfolded MHC class I heavy chains can be extruded into the cytosol when they have bound β 2 m but have failed to bind peptide [23] . As the β 2 m-associated class I heavy chains are fully oxidized, their degradation could require an interaction with ERp57 and their reduction before they can be retro-translocated into the cytosol.
Materials and methods
Immunoprecipitations in digitonin, elution of co-precipitated proteins in DOC and Triton X-100, dithiobis cross-linking and the various cells and antibodies used have been described previously [2, 4, 16] .
Supplementary material
Additional methodological details are published with this paper on the internet. 
Materials and methods

Cell lines
The highly γ-interferon-inducible HeLa derivative HeLa M was a gift from P. Lengyel. The B-cell line 45.1 and its TAP-negative derivative, .174, have previously been described [S1] . The Daudi cell line [S2] transfected with β 2 m and Daudi cells mock-transfected with vector only were kindly supplied by R. Salter. The tapasin-deficient cell line .220-B8, was generously provided by T. Spies and the subsequent reconstitution of this cell with tapasin has previously been described [3] .
Antibodies
Rabbit anti-calreticulin serum and the anti-grp94 (GP96) rat monoclonal antibody (clone 9G10) were purchased from Affinity Bioreagents. Peptide-specific anti-ERp57, anti-calreticulin and anti-tapasin rabbit sera were generated by immunization with the synthetic peptides (in single-letter amino-acid code) CATNPPVIQEEKPKKKKKAQ, CDKEEDEEEDVPGQAKDEL and CLGWAAVYLSTCKDSKKKAE, respectively, conjugated to KLH and purified on peptide affinity columns. The monoclonal antibody 148.3 and the purified rabbit serum R.RING.4C, (anti-TAP1), the mouse monoclonal antibody HC10 and rat monoclonal antibody 3B10.7 (anti-HLA class I heavy chain) and the mouse monoclonal antibody BBM.1 (anti-β 2 m) have previously been described [16,S3-S6] . Rabbit anti-β 2 m serum was purchased from Boehringer Mannheim. 
Metabolic labeling
Immunoprecipitations
Cells were pelleted and lysed in 10 mM Tris, 150 mM NaCl (TBS), pH 7.4, 1% digitonin (Wako Pure Chemical Industries), containing protease inhibitors, and post-nuclear supernatants were pre-cleared for 1 h with normal rabbit serum (NRS) or the monoclonal antibody 9E10 and protein-G-Sepharose and immunoprecipitation performed as previously described [2] . To detect associated proteins by blot, the primary immunoprecipitate was washed in 0.1% digitonin/TBS three times and incubated in 1% DOC/TBS/pH 8.2 for 0.5 h. The eluted material was separated by SDS-PAGE and blotted as described below. To detect TAP1-associated sub-complexes, the primary TAP1 immunoprecipitate was incubated in 1% Triton X-100/TBS for 1 h at 4°C. A second immunoprecipitation was performed on the Triton X-100 supernatant and the associated proteins eluted in 1% DOC/TBS/pH 8.2, separated by SDS-PAGE and blotted as described below. To identify TAP-associated proteins or β 2 m-associated proteins in labeled cells, the primary immunoprecipitates were washed three times and heated at 100°C for 5 min in 2% SDS, 2 mM DTT in TBS, diluted 10-fold in 1% Triton X-100 in TBS with 10 mM iodoacetamide, and allowed to incubate at room temperature for 30 min. The released proteins were pre-cleared again with NRS and protein-G-Sepharose, followed by immunoprecipitation with the appropriate antibody and protein-A-Sepharose.
Cross-linking and carbohydrate cleavage
To demonstrate ERp57 association with MHC class I, 45.1 cells were lysed in 1% digitonin/PBS/pH 7.4 containing 800 µM dithiobis
